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Abstract 

If the LHC experiments discover new particles that couple to the Standard Model fermions, then 
measurements by ATLAS and CMS can contribute to our understanding of the flavor puzzles. We 
demonstrate this statement by investigating a scenario where extra SU(2)-singlet down-type quarks 
are within the LHC reach. By measuring masses, production cross sections and relative decay rates, 
minimal flavor violation (MFV) can in principle be excluded. Conversely, these measurements can 
probe the way in which MFV applies to the new degrees of freedom. Many of our conclusions are 
valid in a much more general context than this specific extension of the Standard Model. 
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I. INTRODUCTION 



Significant progress in our knowledge of flavor physics has been achieved in recent years. 
The main contributions have come from the two B factories, Belle and BaBar, and from the 
Tevatron detectors, CDF and DO . The absence of evidence in the data for new physics 
poses a puzzle: there are good reasons to think that there is new physics at or below the 
TeV scale, yet any effective non-renormalizable flavor- changing operators suppressed by the 
TeV scale must mimic the Standard Model (SM) flavor structure with excellent accuracy, 
reaching in some cases a level of one part in 10 6 . The question of how and why that happens 
is often referred to as the "new physics flavor puzzle." 

We will soon enter a new era in high energy physics — the LHC era. The LHC experiments 
should first answer the crucial question of whether there is indeed new physics at the TeV 
scale, as suggested by the hierarchy problem and weakly-interacting dark matter proposals. 
If the answer is in the affirmative, then the LHC also offers new opportunities in exploring 
the new physics flavor puzzle. If new particles that couple to SM fermions are discovered, 
then measurements of their spectrum and of their couplings will help elucidate the basic 
mechanism that has so far screened the flavor effects of new physics. The main goal of this 
work is to demonstrate how high-p^ processes, measured by ATLAS and CMS, can shed 
light on flavor issues. 

Of course, the implications of new physics on flavor are highly model-dependent. At 
energies much below the electroweak scale, the flavor effects of new physics can be entirely 
captured by a series of higher-dimension operators, but at LHC energies, flavor-changing 
processes can occur via the production and decay of new on-shell particles. In models like 
supersymmetry (SUSY) with numerous new partners and the potential for long cascade 
decays, flavor questions can in principle be addressed js], but in the quark sector this is 
only possible after disentangling many model-dependent effects like gaugino-Higgsino mixing 
angles and the mass ordering of left- vs. right-handed squarks. For purposes of studying 
how flavor might be probed at the LHC, it is therefore desirable to analyze models (which 
might be one sector of a more complete theory) for which flavor has an unambiguous effect 
on LHC signatures. 

A simple and rather generic principle that can guarantee that low energy flavor changing 
processes would show no deviations from SM predictions is that of minimal flavor violation 
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(MFV) . The basic idea can be described as follows (a more rigorous definition is 

given in the next section). The gauge interactions of the SM are universal in flavor space. 
The only breaking of this flavor universality comes from the three Yukawa matrices, Yy, Yd 
and Ye- If this remains true in the presence of new physics — namely Yjj, Yd and Ye are the 
only flavor non-universal parameters — then the model belongs to the MFV class. We use 
the concrete question of whether ATLAS and CMS can test the principle of MFV in order 
to explore the flavor physics potential of these experiments. 

To do so, we further choose a specific example of new physics. We augment the SM with 
down-type, vector-like heavy fermions, Bl and Br, that transform as (3,1) -1/3 under the 
SM gauge group (for a review see, for example, [7j). To be relevant to our study, at least 
some of the new quarks must be within the reach of the LHC, and they must couple to 
the SM quarks. We assume that MFV applies to this extension of the SM, and we ask the 
following questions: 

• What are the possible spectra of the new quarks? 

• What are the possible flavor structures of their couplings to the SM quarks? 

• Can the LHC exclude MFV by measurements related to these quarks? 

• In case that MFV is not excluded, can the LHC be used to support MFV? 

While in this study we concentrate only on a specific representation of the extra quarks, 
many of the lessons that we draw have a much more general applicability beyond our specific 
example. 

In section [Til we introduce the notion of minimal flavor violation and its consequences for 
a SM extension with extra vector-like down-type quarks. The resulting spectrum and decay 
patterns are discussed in section IIHI In section IIVI we examine how experiments at LHC 
can refute or give support to the MFV hypothesis, and then summarize our conclusions in 
section \V\ 

II. THE THEORETICAL FRAMEWORK 

The SM with vanishing Yukawa couplings has a large global symmetry, U(3) 5 . In this 
work we concentrate only on the quarks. The non-Abelian part of the flavor symmetry for 
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the quarks can be decomposed as follows: 

GWor = SU(3) Q ® SU(3) D ® £[7(3)^ (1) 

The Yukawa interactions (H c = 1T2H*), 

C Y = QlY D D R H + Q2YuU R H C} (2) 

break the (^Flavor symmetry. The Yukawa couplings can thus be thought of as spurions with 
the following transformation properties under GFiavor : 

Yd ~ (3, 3, 1), Yb~(3,l,3). (3) 

We extend the SM by adding vector-like quarks and B R of electric charge —1/3. In 
general, extending the SM with the Bl and Br fields gives three new types of Yukawa and 
mass terms: 

C B = —QlYbBrH + M 1 BlX BD D R + M 2 B~ L X BB B R . (4) 

v 

Our assumption is that the mass parameters M% and M 2 are much larger than the weak 
scale, while m-i is of order the weak scale. If the three new matrices Y B , X BB and X BB 
had a generic flavor structure, unrelated to that of Y B and Yjy, the deviations from the SM 
predictions for flavor changing processes would exclude the model, unless the mass scale for 
the new quarks is very high, well beyond the LHC reach llUl. We thus impose the 

criterion of minimal flavor violation (MFV): all the Lagrangian terms constructed from the 
SM fields, the Bl and B R fields, and Y Bj jj, must be (formally) invariant under the flavor 

group Gpiavor- 

We are interested in the case that the new quarks couple to the SM ones at renormalizable 
level. Then, we are led to models where the B L and B R fields cannot be singlets of Griavor- 
(In fact, the same result follows from the demand that the new fields have allowed decays 
into SM fields.) This is a general result: MFV (and the requirement of coupling to SM 
fields) implies that the number of extra vector-like quarks is at least three. Since there are 
many options for Gpiavor charge assigments, for concreteness we further narrow our scope to 
the cases where Bl and B R are singlets of SU(3)u and transform as (3, 1) or (1,3) under 
SU (3)q ® SU (3) £). There are four possible combinations of flavor-charge assignments to the 
B LR fields. These assignments are given in Table [D 



Model 


Quark field SU(3)q SU{3) d 


Yb Xrb Xrd 




Ql 3 1 
Dr 1 3 
Yd 3 3 
YjjYl 1 + 8 1 




QD 


B L 3 1 

Br 1 3 


D™Y D DfY D 


DD 


B L 1 3 
Br 1 3 


D 3 Y D 1 


DQ 


B L 1 3 
Br 3 1 


D 3 m Y D Df (0) 


QQ 


£l 3 1 
Br 3 1 


D 3 m Z)f D^D 



TABLE I: The possible flavor assignments for vector-like quarks that transform as (3, l)-i/3 under 
the SM gauge group. Here, we assume that Bl and Br transform either as (1,3) or (3,1) under 
SU(3)q x SU(3)d- The model names are determined in a self-evident way from the flavor assign- 
ments. The last three columns give the flavor structure for the new Lagrangian terms in Eq. 
assuming MFV. The matrices D 3 ~ diag(l, 1,1 + d 3 ) parametrize the breaking of SU(3)q by the 
top Yukawa. In models QD and DD, Xbd can be taken to be zero by a Dr — Br rotation. The 
"(0)" in model DQ indicates a value that must be fine-tuned to get the right SM quark spectrum. 

Once the (^Flavor-representations of the new fields are defined, the flavor structure of their 
couplings in Eq. (j4j) is determined. The flavor structures are also given in Table [H For the 
examples we are considering, there are only two relevant spurions, Y D and Y V Y^. Without 
loss of generality, we work in a basis where Yjj is diagonal. To a good approximation we can 
neglect the Yukawa couplings of the up and charm quarks, and take YjjYjj ~ diag(0,0, 1). 
The effect of Y v Y£ can be captured by the combination 

D 3 = 1 + d 3 Y v Yi ~ diag(l, 1, 1 + d 3 ), (5) 

where 1 is the 3x3 unit matrix and d 3 = 0(1). In models where more than a single D 3 - 
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spurion appear, we distinguish between the different D^s with an upper index, to emphasize 
the fact that d 3 is different. 

In terms of symmetries, the significance of D 3 is that it implies a possible 0(1) breaking 
of SU(3)q — > SU(2)q x U(1)q by the top Yukawa. The remaining symmetries are broken 
only by small parameters and therefore constitute approximate symmetries in MFV models. 
This is an important point that is valid in all single-Higgs MFV models. 1 We return to this 
point in the conclusions. 

Two comments are in order: 

1. In models QD and DD, the Br and D B fields transform in precisely the same way 
under both the gauge group and the global flavor group. We thus have freedom in 
choosing our basis in the D R — B R space. We use this freedom to set X BD = 0. 

2. Without fine-tuning, model DQ predicts non-hierarchical masses for the SM down 
quarks. Two viable but fine-tuned solutions are to set M% = or m 2 = 0. We 
choose to work with the first, Mi = 0. In Tabled we denote a fined tuned value by a 
parenthesis. 

III. SPECTRUM AND COUPLINGS 

To understand the phenomenological aspects that are relevant to the LHC, we have to find 
the spectrum and the couplings of the heavy quarks. Our starting point is the Lagrangian 
terms of Eqs. ([2]) and (j4]). We construct the down sector mass matrices, diagonalize them, 
and obtain the spectrum of the heavy and the light (i.e. SM) quarks and the couplings of 
the heavy mass eigenstates to the SM fields (a more detailed account of this procedure will 
be given in subsequent work [11]). We use B' and D' to denote the heavy and the light 
down quark mass eigenstates, respectively. We write the relevant couplings schematically as 
follows: 

£ B , = B^M B/ B' R + D^Y^B r R h + W Lll ¥lB' L Z» + U[^V CX MYg,B' L W'>, (6) 

where h is the physical Higgs field. M B > is the diagonal mass matrix of the heavy states. In 
the M B i 3> v limit, the B' — > ZD' and B' — > WW decays are dominated by longitudinally 

1 In multi-Higgs models at large tan/3, the bottom Yukawa could provide an 0(1) breaking of SU(3)d — * 
SU(2) D x U(l) D . 
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polarized Z and W final states. According to the Goldstone equivalence theorem, the 
sizes of the corresponding decay rates are then given by Yg, and VckmY^,, respectively, 2 
with corrections of order M^/M|,. The Yg, matrix, on the other hand, parametrizes the 
couplings of the transverse W and Z bosons. 

If the YuY^ spurions could be neglected, then the flavor structures would only depend 
on the CKM matrix Vckm and the diagonal down Yukawa coupling matrix A. Expressed in 
approximate powers of the Wolfenstein parameter A ~ 0.2, we have 



(7) 



When the Y V Y^ effects are significant, the results are modified in a simple way: the modifi- 
cation of the spectrum may involve matrices of the form D 3 , while the couplings may involve 
a matrix 1: 

/ 1 A 3 \ 





/ 1 


A 






/yd 


\ 




/A 4 




Vckm ~ 


A 


1 


A 2 


A = 


Vs 




~ Vb 


A 2 






\A 3 


A 2 


1 J 




\ 


Vb) 




V 


J 



1 = ^CKM-^3^CKM 



1 A 2 

Va 3 a 2 dj 



(8) 



or matrices that scale in the same way with A, for which we use the same symbol 1. 

The masses and couplings for the various models are given in Table [Til with additional 
details of the derivation given in Appendix [A] We define a small parameter 



e = 



M' 



(9) 



where v is the electroweak breaking scale, and M ~ max(Mi,M2) is the heavy mass scale 
that fixes the masses of the heavy quarks. Since the spectrum of the heavy quarks can be 
hierarchical (models QD and DQ) or (pseudo) degenerate (models DD and QQ), the heavy 
mass scale M differs significantly in the two cases. From the requirement that the lightest 
B' state has a mass in the TeV range, one finds e ~ 10 _1 in models DD and QQ, and 
e ~ 1CT 5 in models QD and DQ. 

We learn the following points regarding the spectrum: 



2 This is best seen in the Feynman-t' Hooft gauge where the decays are predominantly into unphysical Higgs 
states, with the relevant terms in the Lagrangian D' L Yg,B' R h + D' L Yg,B' R h 3 + U / L (V2V C KMYB,)B' R h + . 
See, for example, [121 ]. 
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Model 


M B ,/M 


yL 
1 B> 


r B' 


QD 


D 3 X 


1A 


el 


DD 


1 


1A 


elA 


DQ 


D 3 X 


I 


elA- 1 


QQ 


D 3 


I 


el 



TABLE II: The spectrum and couplings of the heavy quarks from Eq. ([6]), given the flavor charges 
from Table HI A is the diagonalized down Yukawa matrix, e is the ratio of the electroweak scale to 
the heavy quark mass scale, and 1 = Vq KM DsVckm parametrizes the effect of SU(3)q breaking 
from the top Yukawa on the B' couplings. 

1. If the vector-like quarks are S'?7(3)Q-singlets (model DD), the spectrum is fully degen- 
erate. This degeneracy is lifted by effects of order m^/M 2 that can be safely neglected. 

2. If the vector-like quarks are S'LT(3)Q-triplets (model QQ), the spectrum could have an 
interesting structure of 2 + 1: two degenerate quarks and one with a mass of the same 
order of magnitude but not degenerate. This is a manifestation of the 0(1) breaking 
of SU(3)q — > SU(2)q x U(1)q due to y t . The two degenerate states are split by effects 
of order m 2 c /v 2 ~ 10~ 4 that we neglect. 

3. If the vector-like quarks are chiral (triplet+singlet) under SU(3)q (model QD and 
DQ), the spectrum is hierarchical, with the hierarchy yd : y s : 0(yb). In that case, 
only one heavy quark is at the TeV scale. 

As for the decay rates, we learn the following: 

1. The decays to the transverse W and Z are always negligible, that is, Yg, <C Y^,. 

2. The couplings to longitudinal W/Z and to h are the same to a very good approxima- 
tion. This implies that up to phase space effects, the heavy quarks decay rates to W, 
Z and h are in ratios 2:1:1 121 ]. 



3. The flavor diagonal couplings dominate, that is Y B ; is close to a unit matrix. The 



B' 



most significant flavor changing Z coupling is (1^)23 ~ 0.04(y^,)33 and the most 
significant flavor changing W coupling is (Vckm^J0i2 ~ 0.23(Vckm^b'/)22- 



Finally, adding vector-like quarks to the SM affects, in general, the low energy phe- 
nomenology of both flavor and electroweak precision measurements. As concerns flavor, the 
CKM matrix is not unitary and the Z-boson acquires flavor changing couplings to the down 
sector. In the framework of MFV, the flavor changing Z couplings are suppressed by e 2 , by 
small mixing angles and, in some models, by down-sector Yukawa couplings. Consequently, 
these contributions are safely within bounds. The effects of the extra quarks on electroweak 



precision measurements are also suppressed by e 2 13]. In some of the models, MFV leads 
to further suppression of these effects [ll|. For M > TeV, the deviations of the S and T 
parameters from their SM values are of (9(0.01) in model QQ, and considerably smaller in 
all other models. Thus, the models we study are generically allowed by present data. 

IV. LHC PHENOMENOLOGY 

We are now ready to discuss the phenomenology of the model. Our main task is to check 
if the idea of MFV can be tested by direct measurements at the LHC. Clearly, we need to 
establish the fact that new down-like quarks exist to start any probe of their flavor structure. 
An ATLAS study of vector-like down-type quarks using only 2Z — > 4£ final states found a 
B' mass reach of 920 GeV with 300 fb _1 of data [14|], but the inclusion of other B' decay 
modes is likely to improve the reach, given the small leptonic branching fraction of the Z . 
For various models with vector-like up-type quarks, the mass reach was found to range from 
1 to 2.5 TeV for 100 - 300 fb" 1 of data 
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The high end of the above discovery range is due to large mixing ang 



es with SM quarks, 

when the heavy quarks can be singly produced using quark- W fusion [l7|, Ij], Q] • In our case, 
such channels are particularly interesting for models DQ and QQ where the couplings to 
longitudinal gauge bosons are unsuppressed for the first generation, allowing the possibility 
for uW fusion to create a heavy B[. Depending on the interplay between parton distribution 
functions and flavor structures, the single B' channel may offer an interesting probe of 
minimal flavor violation 111 ]. 

We focus on the QCD pair production channel pp — > B'B' which is flavor diagonal by 
SU(3)c gauge invariance. In Figure HI we show the estimated cross section for B' pair 
production, calculated at leading order using Pythia 6.4.10 [^(J. After production, each 
B' quark decays to a SM quark and either a Higgs-, Z-, or W^-boson, leading to final states 
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FIG. 1: Leading order cross section for B' pair production at the LHC calculated at leading order 
using Pythia 6.4.10 



211 ] . From bottom to top, 



20l | with CTEQ5L parton distribution functions 
the total cross section for 1, 2, and 3 generations of B' quarks. See [9| for the variation of the cross 
section from different choices of factorization scale. 

with multiple gauge bosons and hard jets. 

An important simplification of the analysis arises due to the absence of missing energy 
involved with the new flavor physics. Indeed by assumption, the only new states are the 
heavy quarks, and except for neutrinos from gauge boson decays, all final states can be 
observed. Putting aside the question of backgrounds and signal efficiencies, this would allow 
a determination of the B' production cross sections and the relative decay rates into Wq, 
Zq and hq (here q stand for any SM quark). 3 With large enough statistics, the W and Z 



helicities could be determined as well 



22|]. 



In order to separate B' pair production from SM backgrounds, various techniques can 
be used to reconstruct the B' masses 
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231 ] . Backgrounds for new vector- like down- type 



quarks have also been studied in [9]. Because we are interested in studying the flavor 
structure of B' decays, though, we cannot rely too heavily on 6-tagging to suppress SM 
backgrounds. On the other hand, unlike generic fourth generation quarks, the B' quarks 
have non-negligible branching fractions to Zs, so requiring leptonic Zs can help suppress 
the large ti and W + jets backgrounds without biasing quark flavor determination. 



3 Depending on the Higgs mass and decay modes, this might be an interesting discovery channel for the 
Higgs. See, for example, 
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tt tt + j tt + 2j W + 3j W + Aj 


Z + 3j Z + Aj 


WZ + 2j WZ + 3j 


a 


2.9 pb 9.1 pb 3.0 pb (23.3 pb) 4.4 pb 


(2.0 pb) 0.5 pb 


0.020 pb 0.006 pb 




B'W 


B'W -» ZX 


B'73 7 -> l^ZI 


a 


2.7 pb 


0.14 pb 


0.022 pb 



TABLE III: Estimated SM backgrounds for three generations of B' pair production with a bench- 
mark B' mass of 600 GeV. These cross sections were calculated at leading order using ALPGEN 2.11 

1 

24 ] with CTEQ5L parton distribution functions [21]. Jets have a minimum px of 100 GeV with 
a Ai? separation of 1.0. For backgrounds involving Ws and Zs, the quoted cross section refers to 
gauge bosons decaying to all three lepton generations (excluding Z — > vv). To approximate the 
effect of cuts to isolate the B' pair production channel, the center-of-mass energy of the background 
events are forced to be above 2m#/. Backgrounds could be further suppressed by insisting on B' 
mass reconstruction If], [3] . The W + 3j and Z + 3j backgrounds are in parentheses because they 
are only backgrounds in regions of phase space where the W/Z/h from a B' decay is boosted enough 
to form one "fat" jet. The li B'B' — > ZX" cross section assumes that the W:Z:h branching ratios 
are in a 2:1:1 ratio and the Z decays to visible leptons (including taus). The li B'B' — » WZX" 
cross section requires an additional leptonic W . 



Though a complete background study is beyond the scope of the present paper, example 
backgrounds calculated using ALPGEN 2.11 24j for a benchmark B' mass of 600 GeV are 
shown in Table ILTTl Even in the most pessimistic case where both a leptonic Z and a leptonic 
W are needed to reduce backgrounds to an acceptable level, for three generations of 600 GeV 
B' quarks, there can still be 2000 signal events at 100 fb _1 with 0(1) signal to background 
ratio. 4 

To test MFV, one must extract information about the spectrum of the heavy quarks and 
their partial and total decay widths. Especially important are the tagging capabilities of 
the LHC. The quark from the B' decay can be classified either as a light jet, a heavy-flavor 
(b or c) jet, or a t quark (by identifying bW combinations with the right invariant mass). 
The purities and efficiencies depend on the flavor, the energy of the jet, and the details of 



4 These estimates make the unrealistic assumption that taus can be treated on an equal footing with 
electrons and muons. Given the large NLO corrections to both QCD backgrounds and B' pair production, 
though, the estimate is still of the right order of magnitude. 
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the rest of the event. 5 We expect that the ability to distinguish a t quark from acorti 
quark will be a particularly good handle because of uncertainties in the heavy-flavor tagging 
efficiencies at high pj*. That is, for heavy-flavor and light jets alone, if the flavor violation 
is not large, it can perhaps be reinterpreted as flavor conservation with modified heavy- 
flavor efficiencies. Top quarks are special because their decays add additional Ws to events, 
making it in principle easier to tag the third generation in a robust way. Of course, QCD 
radiation can easily add 80 GeV of energy to an event, so the ability to "t-tag" may depend 
on the ability to simultaneously reconstruct the B' and top masses. A more detailed st udy 



of these issues is needed in order to see how ambitious this flavor program can become [11 ]. 

In what follows, we investigate what can be learned about MFV if the LHC provides us 
with (i) the spectrum, (ii) some capability for heavy flavor tagging, and (iii) some information 
on the decay widths. 

(i) Spectrum. MFV predicts that at the TeV scale, there is either a near degenerate spec- 
trum of B' quarks, or only one kinematically accessible flavor. A discovery of two (or more) 
non-degenerate states at the TeV scale will disfavor MFV. (MFV will not be excluded be- 
cause the two non-degenerate states might be the lightest members of two different triplets.) 
Conversely, by measuring the mass and the production cross section, the LHC might be able 
to establish that there is a three-fold or two-fold degeneracy. That will provide evidence 
that some flavor £77(3) or SU(2) is at work. 

In principle, the total cross section can tell us the degeneracy of each state by comparing 
the latter to the ti production rate. The extraction of the degeneracy requires theoreti- 
cal knowledge of the mass dependence of the production cross section, and experimental 
measurements of the mass of the heavy quarks, their production cross section, and the ti 
production rate. A complication in this procedure comes from the different decay modes of 
the B' compared to the t. It would be helpful to measure several decay modes of the B' to 
confirm the expected W/Z/h branching ratios. If it can be determined that B' decays always 
involve longitudinally polarized Ws and Zs, then this could be used as a further argument 
for why the W/Z/h branching ratios should be fixed by the Goldstone equivalence theorem. 

A three-fold degeneracy might get further support by looking at the flavor content of B' 



5 Combinatoric background in t reconstruction is an obvious challenge for high-multiplicity final states. The 
large boost factor of the B' decay products may alleviate some of the combinatoric issues, though. 
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pair production events. Since the B' quarks are produced in pairs, MFV predicts that 1/3 of 
the pairs decay exclusively into third generation quarks, while 2/3 into non-third generation 
quarks. Such evidence will make the case for degeneracy strong and will provide a rather 
convincing evidence for MFV. 

In cases that the B' quarks are too heavy to be pair-produced in a statistically signifi- 
cant amount, the single B' production can still be significant. This is particularly true for 
models DQ and QQ, where (Yg,)u = 0(1). Here, the single B' production channel has the 
peculiar feature that the production rates are determined by parton distribution functions. 
Furthermore, it can be used to test MFV, because the singly produced B[ should not decay 
to third generation quarks. 

(ii) Flavor tagging. The hierarchy v <C M guarantees that the rates into the three different 
final bosons are comparable, 

T(B' -> Wq) w 2T(B' -> Zq) w 2T(B' -> hq). (10) 

Thus, the LHC can use whichever (or a combination) of these modes that is optimal for 
flavor tagging. As mentioned above, because of the large tt and W + jets backgrounds, 
events with at least one leptonically decaying Z are likely to be the most useful. 

The most prominent feature of the MFV models is the suppression of flavor changing 
couplings: each mass eigenstate decays to a very good approximation only to SM quarks of 
the corresponding generation. This property is a direct consequence of MFV. Namely, all 
flavor violating effects are proportional to the CKM matrix, which is very close to the unit 
matrix. It is this feature of MFV that can be tested in the decays of the heavy quarks. 

Flavor tagging will therefore allow the LHC to put MFV to the test. First, consider 
events where the heavy quarks are pair produced. MFV predicts that both of them should 
decay to quarks of the same generation. Since the mixing between the third generation to 
the light one is of order \V^\ ~ 0.04, we can test the following prediction: 

TiB'B 1 ^ Xq 12 q 3 ) ^ » 

r(B'B'^Xq 1>2 q lt2 )+r(B'B'^Xq 3 q 3 ) 
Here q 3 stands for third generation quarks (b,t), q\ )2 stands for first two generation quarks 
(u,d,s,c) and both q 3 and g 12 stand for both quarks and antiquarks. Note that Eq. (fTT ) 
is a non-trivial check of MFV, because constraints from low energy flavor experiments 10 ] 
still allow flavor- changing couplings in Yg, of Eq. that are considerably larger than those 
predicted by MFV. In fact, this ratio could even be 0(1). 
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Second, in the case that there is no degeneracy at all, MFV predicts that each mass 
eigenstate decays either to third generation quarks or to light quarks, to an accuracy of 
O(10~ 3 ). In the case of twofold degeneracy, MFV predicts that the two mass eigenstates 
decay to light quarks only, up to (9(10 -3 ) effects. 

Finally, if charm tagging is also possible, the theory can be tested further. Consider a 
non-degenerate state that decays into light quarks (for example, model QD). MFV implies 
that this light state must decay predominantly to the first generation with small charm 
branching ratio, of order A 2 ~ 5%. A larger amount of charm will therefore exclude MFV. 

(iii) Decay width. In principle, measurements of the total decay widths of degenerate 
states can provide a smoking gun signal since their ratio is either one to a good accuracy 
(model QQ) or is given by the ratio of light quark masses (model DD). Unfortunately, it 
seems unlikely that the total decay width of the states can be measured. In models QD and 
DD, the width is, on one hand, highly suppressed and far below the experimental resolution, 
and on the other hand, much larger than the width required to generate a secondary vertex. 6 
In models DQ and QQ, the width is roughly of the size of the experimental resolution (3%), 
which gives hope that we may get some information on the width. 

As a final remark, we note that perhaps the most spectacular case will arise if model QQ 
is realized in Nature, with all three heavy quarks within reach of the LHC Establishing a 
2 + 1 spectrum, with the separated quark decaying exclusively into third generation quarks, 
and the two degenerate states decaying exclusively into non-third generation quarks will 
provide convincing evidence for MFV. In fact, a two- fold degeneracy which involves no third 
generation quarks will probably be sufficient to support MFV. 



V. CONCLUSIONS 



We have explored the question of whether high physics at the LHC can contribute 
to our understanding of flavor physics. We considered here a specific framework of new 
physics, that of extra down-type SU(2)-singlet quarks in the s imp lest representations under 
the flavor group. Many other possibilities can be considered [ll|: new down-like quarks in 

6 There is the amusing possibility in models QD and DD of fine-tuning the overall magnitude of the Yg, 
coupling to be small while still maintaining MFV, allowing the B[ to be long-lived enough to generate a 
secondary vertex while the B' 3 decays promptly. 
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other representations of the flavor group, such as triplets of SU(3)u] up-type SU(2)-singlet 
quarks; extra weak doublets; or even extra heavy leptons 2s|. 

Our scenario spans, however, four representative situations: the spectrum can be degen- 
erate or hierarchical, and the couplings to SM quarks can be universal or hierarchical. Our 
framework demonstrates that, in spite of this variety of options, there are several features 
that are common to all MFV models. 

In particular, our main result, that extra quarks at the TeV scale will allow the LHC to 
test MFV, does not depend on the specific implementation of MFV. MFV implies that the 
new physics is, to a very good approximation, flavor conserving. Thus, by roughly testing 
the flavor structure of the new quarks, MFV can, in principle, be excluded or, otherwise, 
supported and probed. 

The more detailed structure of the MFV principle can be tested in various ways. The 
full symmetry in the down sector is SU(3)q x SU(3)d. In model DD, one can achieve 
evidence for this symmetry from the threefold degeneracy. The only order one breaking 
of the flavor symmetry in the down sector is due to YuYy. It breaks SU(3)q x SU(3)d — ► 
SU (2)q x U(1)q x SU(3)z>. In model QQ, one can see evidence for this breaking by observing 
a 2 + 1 spectrum. Further evidence for the approximate symmetry can be obtained in all 
models from the decays of heavy quarks which do not mix third generation with first and 
second. The down quark masses A lead to further breaking into C7 x U(l) s x U(l)d- 
Measuring this breaking requires sufficient c-tagging (which can perhaps be achieved). The 
effects of U(l) s x U(l)d breaking are proportional to |Vu S | 2 ; measuring them via the small 
rate of B'B' — > ZdWc will be very hard at the LHC without excellent c-tagging efficiency. 
The U (l)b breaking effects are proportional to | V c b\ 2 and therefore below the observable level. 
Consequently, they provide the strongest test of MFV. 

Going forward, the main experimental issues that must be understood with regard to 
high-p T flavor studies are: 

• How well will the heavy-flavor tagging efficiency be known at high-p^? Because flavor- 
violation could be masked by adjustments in the 6-tagging efficiency, it may be desir- 
able to develop less efficient but better calibrated 6-tagging methods. 

• What are the prospects for "t-tagging" in high multiplicity events? The ability to ro- 
bustly identify when events have extra Ws from top decays will aid in the identification 
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of B' decays to the third generation. 

• Assuming the B' mass is measured in a clean channel, to what extent is it possible 
to separate SM backgrounds from B' signals using B' mass reconstruction? Because 
flavor studies are likely to be statistics limited, it may be desirable to use events with 
fewer numbers of final state leptons, for which ti and W/Z + jets backgrounds are 
substantial. 

We conclude that if the LHC discovers new particles, it can also make a significant 
contribution to our understanding of flavor physics. The confirmation or invalidation of 
the MFV hypothesis will illuminate the new physics flavor puzzles, providing insight into 
the relation between high precision tests at low energy and new discoveries at the energy 
frontier. 
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APPENDIX A: CALCULATION OF SPECTRA AND COUPLINGS 

In this appendix, we derive the heavy quark spectra that follow from the mass terms in 
Eqs. (EJ) and (Sj). After electroweak symmetry breaking, these terms take the following form: 

my/ t ,r D m2 y B wz> R y 

1 B L I \ M X X BD M 2 X BB \B R 



M d 

with the transpose acting only on the generation indices. The values of the matrices 
Y B , X BD , X BB for the four models are compiled in Table fl], while the resulting spectra are 
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given in Table HT1 These results are easiest to derive by diagonalizing M^Mj, where M d is the 
mass matrix in Eq. (lAljl . Taking v ~ m2 <C Mi^ the matrix M d M d scales as (suppressing 
the dependence on Y D and D 3 ) 

( v 2 vM\ 

M d M\ ~ • (A2) 

d \vM M 2 ) 1 ^ 

Up to v/M suppressed corrections, the mass spectrum of heavy states is thus governed by 
the lower right 3x3 submatrix 

{M d M\) BB = M 2 X BD X BD + M 2 X BB X BB ~ M 2 X BB X BB , (A3) 

where the last equality is valid up to Yukawa suppressed terms. For the DD and QQ models 
this is already diagonal, giving spectra as in Table [TTJ For the QD and DQ models it is 
useful to go to the basis where Yd is diagonal. The diagonalization is done by the biunitary 
transformation 

V L Y D Vl = Y^ = A. (A4) 

In this basis, the spectra in Table [TT] then follow immediately, if one neglects the remaining 
small off-diagonal terms and uses the relation V C km = Vj + 0(v 2 /M 2 ). Explicitly, for the 
QD model we have 

X BB X BB - V L X BB X BB V ] L = V L D 3 Y D Y D D 3 V L = V L D 3 vfX 2 V L D 3 Vl, (A5) 

which together with Eq. (jSj) gives M B > ~ MD 3 X as in Table [TTJ 

In a similar way, the spectrum could be obtained from M\Md. Note that the 3x3 off- 
diagonal blocks are either v 2 /M 2 or Y B suppressed (the large right-handed rotations between 
Dr and Br in QD and DD models have already been used to set X BB =0). As above, the 
heavy quark spectra then follow from 

{MlM d ) BB = m\Y B Y B + M 2 X BB X BB ~ M 2 X BB X BBl (A6) 

giving the same result as Eq. (1A3I) . The diagonalization of {M\M d ) BB also gives the Higgs 
coupling 

—WlYbBrH, (A7) 

v 

in the Q' L , B' R mass-eigenstate basis. Up to suppressed terms we have 

Ql = UlQ' L , B R = U ] R B' R , (A8) 
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where Ur diagonalizes the (M^M^bb matrix and Ul ~ Vckm- The similarity sign means 
that the two sides scale in the same way in terms of the Wolfenstein parameter A, with the 
scaling for V L = V@ KM + 0(v 2 /M 2 ) given in Eq. (j7j). In the mass eigenstate basis, the Higgs 
coupling is 

^WlUlYbU^BrH. (A9) 

From this, the scaling of Higgs couplings with the Wolfenstein parameter A is obtained as 
given in Table [TTJ In the derivation one also uses the fact that YjjY^ insertions preserve an 
SU(2) symmetry of the first two generations, so that the Higgs coupling UlYbU r is diagonal 
in the first two rows and columns. 
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